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Abstract

Major elements of an experiment called the Infrared Sensing Aeroheating Flight Experiment are discussed.
The primary experiment goal is to provide reentry global temperature images from infrared measurements to define
the characteristics of hypersonic boundary-layer transition during flight. Specifically, the experiment is to identify,
monitor, and quantify hypersonic boundary layer windward surface transition of the X-33 vehicle during flight. In
addition, the flight data will serve as a calibration and validation of current boundary layer transition prediction
techniques, provide benchmark laminar, transitional, and fully turbulent global aeroheating data in order to vali-
date existing wind tunnel and computational results, and to advance aeroheating technology. Shuttle Orbiter data
from STS-96 used to validate the data acquisition and data reduction to global temperatures, in order to mitigate
the experiment risks prior to the maiden flight of the X-33, is discussed. STS-96 reentry midwave (3-5 pm) infrared
data were collected at the Ballistic Missile Defense Organization/|nnovative Sciences and Technology Experimenta-
tion Facility site at NASA-Kennedy Space Center and subsequently mapped into global temperature contours using
ground calibrations only. A series of image mapping techniques have been developed in order to compare each
frame of infrared data with thermocouple data collected during the flight. Comparisons of the ground calibrated
global temperature images with the corresponding thermocouple data are discussed. The differences are shown to
be generally less than about 5%, which is comparable to the expected accuracy of both types of aeroheating meas-
urements.

Nomenclature T = surface temperature (K)
eed of liaht &(T) = surface emissivity

¢ =speedotlig . . A =wavelength
B, = calibration offset values obtained during sys- T, = path transmittance

tem setup m
G, = cdlibration gain values obtained during system Introduction

setup
h = Planck’s constant Atmospheric reentry boundary layer transition, cor-
k = Boltzman’s constant responding to a sudden increased surface heating asso-
L, = predicted radiance (counts) for given T ciated with the vehicle boundary layer going from lami-
L..(T) = Planck emittancef/for 3-5pum) nar to turbulent flow, has been demonstrated in both
L., =atmosphere radiance flight data and wind tunnel testing. This heating phe-
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nomenon impacts thermal protection system (TPS) ma
terial selection, split-line location, and material thick-
ness which results in a prominent weight impact and
presents challenges for future Reusable Launch Vehi-

f"FEY h Seientis cles (RLV’s). The increased heating to the vehicle sur-
e SCIen face is significant when this transition occurs as in-
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layer transition occurs “naturally” as a reentry vehicldlight results to theory, wind tunnel data, and/or CFD
descends to higher densities, corresponding to increasdchulations. The Shuttle Orbiter was chosen as a flight
Reynolds number, and its occurrence has been wadkrget to minimize the experiment risks of acquiring
demonstrated with “smooth” models in wind tunnels fouseful flight data prior to the maiden flight of the X-33.
many years. As observed for the Shuttle Orbiter,The Orbiter has many of the elements needed to check
transition can occur early in the entry trajectory due tout the software and data reduction techniques required
“roughness” factor. Thus, one design goal for the TPSto produce global surface temperatures, including on-
is to constrain the vehicle surface roughness in an dward surface thermocouples. For the initial ISAFE
tempt to avoid early transition. Also, there are typicallgheckout, it was decided to concentrate on areas (2) and
flight operation impacts such as, flight-to-flight inspec{3) by keeping the optical mounts at the Ballistic Mis-
tions and maintenance to reduce the risk of early transle Defense Organization/Innovative Sciences and
tion. Progression to a full RLV requires that the boundFechnology Experimentation Facility (BMDO/ISTEF)
ary layer transition effects be well understood and takesite at NASA-Kennedy Space Center (KSC). This re-
into account in any RLV design. port presents a discussion of the ISAFE and presents the
Correlation parameters have been formulated to agata acquired, as well as the analysis of the flight data
proximate conditions at which boundary layer transitioon the STS-96 Orbiter reentry.
will occur in flight. For example, the incipient, critical, ) L.
and effective roughness Reynolds numbers have been Experiment Objectives

used in the_ heating analysis_ of the first flights of thg The objective of the Infrared Sensing Aeroheating
ShUt.tl.e Or.b|te3t The correla_u'on parameters are SemlFlight Experiment is to identify, monitor, and quantify

empirical in so far as transition criteria are dependegl nersonic houndary layer transition for the X-33 vehi-
upon design factors that are developed through winge g ring fiight. This includes, specifically, the global

tunnel or fl!ght expenments, or a combination of bOthmapping of the transition movement over the windward
Also there is the micro- and macro-surface dependencyytace " The data collected during flight will serve as a
I.e. forward surface protuberances can trigger early rapsjinration and validation of current boundary layer
sition, .Wh”e other material surface properties need to k?F‘ansition prediction techniques. In addition, the flight
taken into account for the actual flight vehicle, particug,heriment goal is to provide benchmark laminar, tran-
larly s#rfaces tTat. are fsensmve todthermal e.Xpans'%n'hsitional, and fully turbulent global aeroheating data in

The correlation factor used to estimate flightyger 1o validate existing wind tunfiednd computa-

boundary layer transition for the X-33 isRémomen-  ona| result$and to advance aeroheating technology.
tum thickness Reynolds number) divided by (lound-

ary layer edge Mach numbér).This correlation factor Experiment Approach
for the X-33 metallic TPS has been developed in a syn- . : )
ergistic approach between computational fluid dynamics' & €ctory Considerations ,
(CFD) and wind tunnel tests. It is important to verify _ The experiment technical approach is to collect
this correlation with the flight vehicle, and although thélobal windward surface temperature data with ground-
X-33 is equipped with arrays of surface thermocouple?,""sed infrared emission cameras as thg X-33 descends
global information is required for a definitive observallirough the upper atmosphere. The primary emphasis
tion of the complex boundary layer transition. Accordill be to view the X-33 during both the peak heating
ingly, an infrared imaging experiment has been devis®Prtion of the trajectory and the region of expected
to provide global temperature images to define the chaioundary layer transition. Figure 1 is a time history
acter of the transition period during flight. The experigraph of several trajectory parameters, namely, Mach
ment is called the Infrared Sensing Aeroheating FligrffUmber, altitude (Kft) and angle-of-attack (degs.), for a
Experiment (ISAFE) and is discussed in this repofyPical X-33 trajectory emanating from Edwards AFB,
(some experiment details also found in the proposdt” @nd landing at Michael AFB, Utah. The approxi-
NRA 8-21, “Flight Technologies for Reusable LauncAnate regions where boundary layer transition is ex-
Vehicles”, Langley Research Center, dated April 3c,>ected,'dur|ng both ascent anq descent based upon the
1998). In addition, the ISAFE methodology is bemd:orrelatlon factor previously discussed, are shown _to
developed as a general versatile tool to provide fligigccur Petween Mach numbers 8 and 10, corresponding
global heating data for reentry vehicles at hypervelocitp @n altitude between 150 and 180 Kft. These distances
speeds. are the minimum viewing requirement for a ground-
Four main areas of work are required for the su@ased camera. However, since the angle-of-attack is
cessful accomplishment of ISAFE. These areas are: (1gh in the region of expected transition, optimum view-
site selection; i.e. where to put the portable opticald of the windward surface may be obtained by placing
mounts; (2) data acquisition; i.e. target acquisitiorf’® mobile mounts forward of the trajectory ground
tracking, and data recording; (3) data reduction to glob4RCK even though the slant range is larger than the
temperature time histories; and (4) comparison of tH@8inimum distance. Coverage of the X-33 surface re-



quires a combined telescope and infrared detector sys-  detectors (e.g. long wave infrared) so that simultaneous

tem having adequate resolution for these distances. multiple wavelength data can be collected. This has
12- sy —— certain advantages to minimizing the atmospheric ef-
- ozl Turtwine| Turtasani fects. The mount control system, communications
wE gl [hege-al-atiak equipment, and data acquisition systems are contained
-l ] in a mobile trailer (in background) which completes the
Br qm| data collection and tracking system. Extensive software
%-"- = P and communication links have been developed for op-
£t 3 - timally acquiring, tracking, collecting, and reducing
H i- (e flight data.
5. B0 Tracking Mount Positioning
ar :_ The optical tracking mount(s) will be strategically
'r i positioned very nearly under the planned ground track
= i f_m'.; FTe Jm 5.3'..:. of the X-33 in order to capture the aeroheating data dur-
Tirs, e ing flight. Figure 3 shows a typical X-33 ground track
Fig. 1 Typical X-33trgjectory parametersfor aMichael  for a landing at Michael AFB (corresponding to the tra-
AFB landing. jectory parameters on Fig. 1). For illustration purposes

the tracking mobile system is assumed to be directly
under the ground track where the X-33 achieves maxi-
The measurements will be accomplished nonintru- ~ mum altitude.
sively (no impact on vehicle airframe, or operations)
using ground-based  optical instruments  of
BMDO/ISTEF. The equipment consists of portable
optical tracking mounts, which can be equipped with a
variety of telescopes (up to 30" apertures), and a varie
of detectors ranging in wavelength from ultra-violet tog
the mid-band infrared, which includes the visible. Fig ::_ r
ure 2 shows a typical telescope configuration for one =
the several tracking mounts in operation at the BMDC! & ¢
facility. Y

Portable Optical Systems

o - Fig. 3 Typical X-33 ground track from Edwards

Small Transportable | STEF Pedestal System AFB to Michael AFB.

(STRIPS) Mount Simulated optical data were generated to provide

; : : : . thermal map sequences for this trajectory to determine
Fig. 2 Typical BMDO/IIV?TEF Mobile Optical Tracking experiment Ff)eas:i(ﬂ)ility for the highestjaltitué/e. Using the

ount. : .

telescope properties and the resolution of the sensor

The 24" telescope shown on the lower left of th&cCD (512x512 pixs.) provided some assurance that a
mount can be instrumented with a mid-wave infrare@lobal thermal image is within the capability of the
detector to conduct this experiment. The other tel@&MDO/ISTEF portable imaging systems. Figure 4
scopes can be fitted with other wavelength sensith@&0WS & time history of altitude (Kft) and the corre-




sponding approximate image pixel resolution for the
simulation. In the region of peak atitude the resolution
is about 12 inches for a 60" ft vehicle. This resolution
corresponds to about 3 pixels to every two TPS tiles, on
the average, roughly equivalent to three thermocouples
per two tiles, which should be sufficient to characterize
peak heating behavior. For this particular simulation,
the resolution is about 30 inches during boundary layer
transition, which provides less than optimal coverage.
But through optimization of the optical mount location,
or application of multiple mounts, resolution during
transition can be significantly improved. Other factors,
such as atmospheric effects, will need to be taken into
account in selecting the final mount location(s).

Infrared radiance images are collected at 30
frames/sec and will be reduced to surface temperature
using calibration factors discussed subsequently. Infra-
red radiance data is recorded typically as 12 hit digital
data and anadlog RS-170 video output. Discrete on-
board surface temperature measurements will be com-
pared with calibrated ground-based infrared measure-
ments in order to enhance credibility of quantitative
temperature values. Also, post-flight assessments will
be performed using wind tunnel data and CFD codes.
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Fig. 4 Altitude and approximate resolution of simulated
X-33images

Shuttle Flight Data

Shuttle Orbiter flights were selected as targets of
opportunity to demonstrate the capability of the ground-
based infrared equipment and the data reduction tech-
niques, in order to mitigate the aeroheating experiment
risks prior to the maiden flight of the X-33. The Shuttle
serves as an ideal target to provide data for development
of measurement and processing techniques since there is
a vast aeroheating data base that currently exists, par-
ticularly on boundary layer transition. In addition, Shut-
tle aeroheating flight data is collected during each reen-
try using surface thermocouples.

STS-96 Data Acquisition

Infrared imagery was collected during the STS-96
landing at Kennedy Space Center, Florida, on June 6,
1999. Figure 5 shows the ground track of the STS-96 as
it approaches over Cuba, over South Florida to the land-
ing strip at KSC. The insert shows the segment of the
ground track where infrared data were acquired and the
location of the BMDO/ISTEF tracking site. Image data
were acquired just prior to the heading alignment circle
when the astronauts take control of the approach and
landing of the vehicle. For this flight, the Orbiter en-
tered on orbit number 153, which is earlier than nomi-
nal. Datawere acquired directly South of the site after a
sky search. Upon initial image acquisition, the auto-
matic tracking system successfully tracked the Orbiter
until it flew almost directly over the site and the tele-
scope gimbals were not able to keep up with the Shut-
tle's motion across the sky. For Shuttle, unlike X-33,
optimal placing of ground-based camera systems is dif-
ficult due to deorbit “go/nogo” options exercised only
minutes prior to deorbit which can significantly change
the ground track.

Fig. 5 STS-96 landing approach ground track with data
acquisition segment.

Figure 6 shows the Orbiter's Mach number and the
corresponding altitude as it approached the landing
runway at KSC. These graphs are generated from the
post-flight trajectory provided by the Orbiter Project
Office at JSC. Also, shown on the graphs is the seg-
ment of infrared image acquisition. As seen, the initial
data acquisition altitude is about 70,000 ft; however, the
slant range was about 101,000 ft with the elevation an-
gle about 46above the horizon. When the Orbiter flew
over the site the altitude was about 60,000 ft, which
closely corresponds to the slant range. During acquisi-
tion, the Mach number varied from about 1.95, soon
after the pressure probe deployed which acquires data
for onboard Mach number calculations, down to about
1.48. At these conditions, the windward surface of the



Orbiter residual heat from the earlier high-heating reen-
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landing at KSC. STS-96 Thermocouple Data
The orientation of the Orbiter as it approaches land- On each Orbiter reentry, limited thermocouple data

ing at KSC isgiven in Fig. 7. These graphswere gener-  is collected for purposes of diagnostics after the flight.

ated from post-flight trajectory data obtained from the  Figure 8 presents the windward surface thermocouple
Orbiter Project Office at JSC. During infrared imaging, flight data acquired during the STS-96 reentry. The

labeled “Acquire data” on the graph, the side-slip angleference time on each graph is from entry interface
is nearly constant at about —1.@hile the angle of at- (400,000 ft) and the locations of the thermocouples on
tack and roll angles both start out at about, ¥dth the the bottom surface of the Orbiter are shown. The three
roll angle approaching ‘0and the angle-of-attack reduc-digits on each figure represent the last three digits of the

ing slightly by the end of the data acquisition. measurement system identification (MSID), JSC flight
8 g g
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Fig. 8 STS-96 windward thermocouple data from entry interface (400,000 ft) to landing.



data identification nomenclature. The graphs show the saturation, which for the setting used for this image cor-

temperature rise during boundary layer transition from  responds to temperatures in excess of 560 K {B%8

laminar to turbulent. The rise in temperature is rela [The other detector setting used during the flight satu-

tively quick, on the order of 10’s of seconds. Also, notrated at about 700 K (80®).] The temperatures de-

ing the times of the temperature pulse peak, it is olbkuced from this and subsequent radiance infrared image

served that transition occurs first near the rear of thehow the leading edge as warm areas (as expected) and

body (on the body flap) and moves forward on the Shug fairly benign (approximately uniform) windward heat-

tle Orbiter with time. ing. The transformation of the radiance images to tem-
The thermocouple data corresponding to the timgerature is discussed next.

interval when the infrared data were acquired are giveiem

in Fig. 9. Shown are the centerline thermocouple Me ekl

urements which, when the infrared data were acquircrrmpro

ranged between about 325 to TF§436 to 353 K). B ;1_:,1_1[,,,-',._
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Fig. 9 STS-96 centerline windward thermocouple

data(expanded scale).

STS-96 Infrared Radiance Data

Two sets of midwave (3-Bm) infrared data were Fig. 10 Infrared image of STS-96 during reentry.
collected during STS-96 reentry, one using the 24" aps
erture telescope and a separate set of data using %res 9 Infrared Temperature Data
12.5" aperture telescope. Over 1260 images from each The transformation of the radiance infrared data to
sensor were collected. Attempts were made to acquserface temperature depends on several factors, includ-
images using the long-wave infrared (LWIR) detectoing vehicle surface emissivity, path transmittance, at-
(8-12 um), but a malfunction of the accompanying conmospheric radiance, optics radiance, and other calibra-
troller prevented its use. Also, the 12 bit digital systeriion factors from a “bench” and “field” calibration ob-
encountered problems so that the data collected wimned during setup of the telescope/detector system prior
confined to 8-bit analog. Figure 10 shows a typical irto flight.
frared image taken early in the data acquisition time

period.  The bright areas in the image correspond @ to develop a table lookup of the radiance (in count

hott_er surfaces when compgre_d_ to darker areas (aﬁﬁits) as a function of surface temperature for any given
suming constant surface emissivity). For the 'magtTme t using the following equation:

shown, this is approximately true since the emissivity 0
the reinforced carbon/carbon wing leading edges (and., = Gaer|La (T)e(T I am +|_pathj+|3Set (1)

nose _cap) and the RCG (black glass) tiles over most ?ﬂe surface emissivity of the Orbiter has been obtained
the windward surface are nearly equal for the temper om NASA-Ames Research Center and is shown in
tures of the Orbiter during this time. The detector seEig 11 (data contained in database
tings were optimized for the bottom surface of the Orﬁttb'//asm arc.nasa.qo¥PSX WEB V2, “Thermal Pro- '

biter (i.e. maximum temperature resolution) with th‘fection System Expert and Materials Properties”). For

ggzsgﬂutﬁgcﬁ]éﬁmg%sﬁg I?I'a;wdemgxfrggt?rsi vr\:te(/:/air:n Slggg:?é calculations of temperature, the RCG emissivity
: g g alues were used since the RCC surface was in satura-

ing edge and the nose cap in the figure are in detecﬁgn_ Note, however, that at the surface temperatures of

The method used to obtain the surface temperature




the images (on the order of 400 K) that the emissivity
differs by only about 10%.

1.00 RCG(black glass)

- [
5 0.90—&;@?@@@m
g St
g s 0.8oid9 N RCC
>

£ 0.70

lu -

0.60

the optics (including filters), and the recording device(s).
The calibration curve resulting from these calibrations
for “setup 2", the 24" aperture telescope, and the mid-
wave infrared (MWIR ,(3-%um) detector is given in Fig.

13. The system output (counts) can be transformed to
“apparent” radiance of the vehicle by application of this
curve (“apparent” here means the effects of the atmos-
phere have not been fully taken into account). Included
on the graph are error bar estimates at each of the cali-
bration points.
used in the STS-96 data reduction and interpretation

This is one of two calibration curves

L process.
N T T B
0 500 1000 1500 2000 0.39
Temperature , K
Fig. 11 Orbiter windward surface emissivity as a func- 3
tion of temperature. (from NASA-Ames Research Cen- G 0.37
ter) k=
S
The atmospheric path transmittance (t,) and the 2 0.35
atmospheric radiance ( L, ) have been calculated using g
the atmosphere model program, MODTRAN'. Local -
meteorology soundings and measurements obtained from § 0.33
Patrick AFB during the time of STS-96 reentry were
used as inputs to the program to obtain as redlistic esti-

mates as possible. Two other verification checks were
performed on the MODTRAN output. These are the
“sky background” (i.e. a measurement of the background
sky at various telescope elevations without the target),
and by using a calibrated stellar source, Alpha Bbotis
Both input sources were within expected radiance errors_
for each setup. The resulting MODTRAN data used in ¢
the extraction of temperature is given in Figs. 12(a) anB‘E
12(b) which shows the path transmittance and the atL
mospheric radiance as a function of time from STS-96=
wheel stop. The time interval shown includes the inter-$
val in which the infrared data were acquired. S
Two calibrations are performed and used to interprets
the flight infrared images, a “bench calibration” and a
“field calibration”. The bench calibration establishes the o
initial relationship between the irradiance and the sensoi@
output. This is accomplished in the lab with a calibrated 2
blackbody source. A temperature is selected for the@
blackbody and the sensor output is analyzed for average
intensity and standard deviation. By repeating this pro-
cedure for various temperatures over the dynamic range
for the selected setup, a radiance incidence and sensor

0.3 PR I R N NI R
-510 -400 -390 -380 -370 -360 -350
TIME (from wheel stop) , s

(a) Path Transmittance

1.14

1.10

1.06

1.02
-410 -400 -390 -380 -370 -360 -350
TIME (from wheel stop) , s

(b) Atmosphere Radiance

output relationship can be found in the form of a line&ig. 12 Atmosphere path transmittance and radiance

equation. The other calibration is the field calibratiogluring STS-96

infrared data acquisition using

which consists of placing a calibrated blackbody sourt#ODTRAN.

beyond the minimum distance the telescope can focus in
the field. This introduces atmosphere transmission and
path self-radiance into the calibration procedures. Using
several interim setup procedures results in a complete
transfer function that combines the effects of the sensor,
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Applying the elements previoudly discussed to the
1200" frames of radiance data collected on STS-96 re-
sults in a corresponding global temperature. A typical
example of one of the frames is given in Fig. 14 which
shows the surface temperature (K) as a spectrum of col-
ors ranging from blue (coal) to red (hot), as noted on the
side of the image.

Error Estimates

The errors associated with the radiance measure-
ments contain several elements and are setup dependent.
The following table provides the error sources as well as
estimates of their contribution to the overall uncertainty.
The radiance errors shown are considered worst case and
are not uniform over the measurement range as can be
observed, for instance, from the error barsin Fig. 13. To

obtain a corresponding approximate error in the tempera-
ture, consider the relative error relationship between
temperature and radiance, namely:

Cp
T —
>

T _ 0O 0 Holm @
T C. HLm
eTC,
where,
hc
= 3
2 =3 ©)

For the temperatures encountered during STS-96 and the
measurement wavelengths, the estimate of temperature
error for the radiance errors shown above is less than
2%, which shows that a large uncertainty in radiance

Flight Conditions

h=70796.0 ft
M= 1.86

Re, =87.3 x 10°
a=10.03 deg
B=-094 deg
¢=7.08 deg

Fig. 14 STS-96 global temperature data from ground calibrated infrared observations.



Table 1. Error estimate for BMDO/ISTEF MWIR 24" Imaging System

ERROR SOURCES For Setup 1 For Setup 2
Atmosphere self radiance and attenuation 5.0% 5.0%
Blackbody uncertainty 2.5% 2.5%
(Includes emissivity, temperature, and uniformity uncertainty)

System Noise Estimate 7.1% 10.2%

(Derived from standard deviation of uniform source under observa-
tion- worst case)

Least Square linear error estimate 14.0% 3.4%
(Mean difference of known source data points)

RSS ERROR 16.7% 12.1%

does not necessarily produce a large error in tempera- centroid of the infrared image. This step would be suffi-
ture. cient except that in saturation, the algorithm breaks down
requiring the “Derivative/threshold technique”. This
technique consists of performing a numerical derivative
to detect the edges in both the horizontal and vertical
A technique has been developed to locate the infra-  directions. The details of the complete process are given
red image pixels associated with each thermocouple lo-  in reference 9. An example of the final result is given in
cation on the surface of the Orbiter.” To achieve this, an Figure 15, which shows the location of the eight thermo-
analytic image model® (with accompanying thermocou- couples on the measured image. [Note: the size of the
ple locations) is oriented to the detector focal plane dots representing the thermocouples is enlarged for dis-
based upon post flight vehicle attitude (Fig. 7) and the play purposes.]
attitude of the telescope for any given frame time. The
model image is then scaled based upon the known char-
acteristics of the imaging system, which, in effect, pro-
vides an identical image of the Orbiter in the telescope
frame of reference. The measured infrared image is then
processed to account for background noise and “glo
ing” found at the surface-to-sky boundaries. The a
Iytic image is then matched with the processed infrar
measured image through a series of three techniques
“box technique”, the “threshold technique”, and the “d§
rivative/threshold technique”. The “box technique” co
sists of placing an imaginary box about both the sca
analytical and measured images. Then by placing
box of the analytical image over the box of the measu
image, a one-to-one pixel identification is establishe
For the analytical model this is fairly straight forward
but for the measurement image this is not, and furt
refinements were developed. The main difficulty wit
the infrared images is detecting the surface edges.
problem resides in two main areas: (1) there is a “glo
ing” about the vehicle (possible causes may be atm
phere refraction, defraction of optics, focus, vehicle m
tion), and (2) low signal to noise on the Orbiter's bod
flap (i.e. a scan line including the body flap does n
produce a large change from the background sky).
application of the remaining two techniques overcomd-ig. 15 Location of Thermocouples on infrared im-
these difficulties. The *Threshold Technique” scans age.
both the horizontal and vertical directions of the overlaid . .
measurements on the analytical model to generate differ- ane t.h.e pixel Io_canns of the thermocouples have
ences between the edges. An optimization techniqué)?sen_'de”t'f'ed’ the difference between the thermocouple
applied to minimize the differences. In effect, this i nd infrared temperatures can be calculated for each

matching the centroid of the analytical model with thgame. The temperature differences do not necessarily
provide an absolute temperature measure, because of

Thermocouple and Infrared Temperature Compari-
sons
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Fig. 16 Thermocouplesand infrared temperature differences for STS-96.

flight thermocouple measurement uncertainties. Uncer-
tainty estimates based upon previous thermocouple Or-
biter thermocouple sensor measurements™ are about 1 to
2%, resulting in an inferred surface temperature of about
5-10%. Thus, the question is, can an independent cali-
brated temperature global infrared image (without ther-
mocouples) provide as good as flight temperature data as
thermocouples?

Figure 16 shows the relative difference between the
flight thermocouple temperatures and the ground cali-
brated infrared temperatures. All temperature differ-
ences are less than about 5%, except for the thermocou-
ple measurement near the elevon gap (number 850), that
clearly shows abias. A possible explanation for this bias
is that the infrared resolution ranges from about 3 to 6
inches at the image distances and the thermocouple
measure at a point (essentially). Thus, with a sharp tem-
perature gradient, as would exist at, or near, the elevon
gap, the infrared temperatures would tend to average to a
different value. In general, however, the differences are
less than about 5%, which lends credence that an inde-
pendent calibrated global infrared image (without ther-
mocouples) can provide comparable flight temperature
data. However, when thermocouple datais available, the
preference would be to integrate this data into the data
processing of the infrared images to take full advantage
of the thermocouple measurements. In general, thermo-
couple data can be used as a calibration source (see ref..
9), or a validity check on the calibration and processing
technique. The later iswhat has been donein this report.
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Summary

An infrared experiment is being developed as a
general versatile tool to provide quantitative flight
global heating data for reentry vehicles at hypervel ocity
speeds. The experiment is caled the Infrared Sensing
Aeroheating Flight Experiment (ISAFE) and its primary
god is to identify, monitor, and quantify hypersonic
boundary layer transition for the X-33 vehicle during
flight. This includes, specificaly, the global mapping
of the transition movement over the windward surface.
The data collected during flight will serve as a calibra-
tion and validation of current boundary layer transition
prediction techniques. In addition, the flight experiment
godl is to provide benchmark laminar, transitional and
fully turbulent global aeroheating data in order to vali-
date existing wind tunnel and computational results, and
to advance aeroheating technology.

The Shuttle Orbiter flights were selected as targets
of opportunity to demonstrate the capability of the
ground-based infrared equipment and the data reduction
techniques, in order to mitigate the aeroheating experi-
ment risks prior to the first flight of the X-33. The Shut-
tle serves as an ideal target to provide data for develop-
ment of heating measurements and processing tech-
niques since there is a vast aeroheating database that
currently exists. Also, Shuttle aeroheating flight data is
collected during each reentry using surface thermocou-
ples.

Infrared imagery was collected during the STS-96
landing at Kennedy Space Center, Florida, on June 6,
1999. The calibrated radiance infrared images were



transformed to surface temperatures using a combination
of ground calibrations and meteorology measurements
taken at the time of the mission. Severa image-
processing techniques were developed and applied to the
infrared images to find the thermocouple locations in the
image in order to generate temperature differences. The
differences between flight thermocouple and infrared
temperature data were generally less than about 5%,
which is comparable to the expected accuracy of both
types of aeroheating measurements. Thus, it has been
shown that an independent calibrated temperature global
infrared image (without thermocouples) provide flight
temperature data comparable in accuracy to thermocou-
ples.

Major accomplishments have been made with the
data from the Shuttle mission infrared measurements
paving the way for a high probability of success for ap-
plication to the X-33 flights. The work to date on the
Shuttle mission demonstrates the feasibility of applying
the ground-based infrared measurements and data reduc-
tion to the X-33 vehicle during peak heating and bound-
ary-layer transition portion of the flight trajectory.
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